ABSTRACT Biomedical porous Ti-15Mo alloys were prepared by microwave sintering using ammonium hydrogen carbonate (NH 4 HCO 3 ) as the space holder agent to adjust the porosity and mechanical properties. The porous Ti-15Mo alloys are dominated by β-Ti phase with a little α-Ti phase, and the proportion of α and β phase has no significant difference as the NH 4 HCO 3 content increases. The porosities and the average pore sizes of the porous Ti-15Mo alloys increase with increase of the contents of NH 4 HCO 3 , while all of the compressive strength, elastic modulus and bending strength decrease. However, the compressive strength, bending strength and the elastic modulus are higher or close to those of natural bone. The surface of the porous Ti-15Mo alloy was further modified by hydrothermal treatment, after which Na 2 Ti 6 O 13 layers with needle and flake-like clusters were formed on the outer and inner surface of the porous Ti-15Mo alloy. The hydrothermally treated porous Ti-15Mo alloy is completely covered by the Ca-deficient apatite layers after immersed in SBF solution for 14 d, indicating that it possesses high apatiteforming ability and bioactivity. These results demonstrate that the hydrothermally treated microwave sintered porous Ti15Mo alloys could be a promising candidate as the bone implant.
INTRODUCTION
With the increase of trauma, deformity, degeneration and an aging population, the demand of human hard tissue (such as bones, knee joints and dental roots) replacement materials has rapidly grown, which greatly stimulates the development of biocompatible implant materials [1] . Among the traditional metallic biomaterials, titanium and its alloys are the most attractive due to their high specific strength, excellent biocompatibility and superior corrosion resistance [2] [3] [4] . However, these advantages are not enough to avoid failure risks of bone implants, because there are three main issues to be solved, stress shielding effect, biological safety and bioactivity. The mismatch of the elastic modulus between the Ti alloys (90-110 GPa) and natural bone (<30 GPa) can cause serve "stress shielding" effect, which results in the bone resorption, implant loosening and eventual failure [4] [5] [6] . The cytotoxic Al or V ions released from the Ti alloys implant into the human body fluid might cause long-term potential biological problems [7] [8] [9] . The bioinert Ti alloys not only cannot form enough osseointegration, but also are generally encapsulated by fibrous tissue and separated from the surrounding bone, which results in a deficient biomechanical fixation and clinical failure of the implant [4, 10, 11] .
In order to relieve the problems of stress shielding effect and the cytotoxic elements, near β type titanium alloys composed of non-toxic elements like Ti-Mo, Ti-NbZr, Ti-Nb-Zr-Ta and Ti-Ta alloys, have emerged as one of the most promising materials for load-bearing biomedical materials due to their high strength, low elastic modulus, good corrosion resistance and excellent biocompatibility [8, [12] [13] [14] [15] . Among these, Ti-15Mo alloy has been listed as a potential biomaterial by the American Society for Testing and Materials (ASTM) [16] due to its excellent integrated mechanical properties and biological properties [8, [17] [18] [19] . Moreover, introducing pores into the bulk Ti alloys and forming the porous materials is a more efficient method to lower their elastic modulus [1, 5, [20] [21] [22] . Especially, porous structure could not only provide the adjustable elastic modulus and improve the biomechanical compatibility of the implants, but also allow the ingrowth of new bone tissue and vascularization and a firm fixation of the implants could be obtained [1, 5, [20] [21] [22] .
Recently, there are some reports about the porous TiMo alloys prepared by different methods, such as vacuum sintering [9, 10] , gelcasting [23] , selective laser sintering [24, 25] and atmosphere protection conventional sintering [21, 26] . Microwave sintering is a new powder metallurgy sintering method to prepare the porous metallic materials, such as porous NiTi alloys [27, 28] , porous Ti6Al4V/ TiC/HA composites [29] and porous Ti/CaP composites [30] . It depends on the powders of the compacts coupling with microwaves, absorbing the electromagnetic energy volumetrically, transforming into heat up to sintering temperature and realizing the densification and alloying eventually [31] [32] [33] . Compared with conventional sintering, the microwave sintering possesses many intrinsic advantages, such as reduced energy consumption, rapid heating rates, reduced sintering times, enhanced element diffusion processes and improved physical and mechanical properties of the sintered materials [31] [32] [33] . Unfortunately, to the best of our knowledge, studies on the microwave sintering to prepare the porous Ti-Mo alloys have not been reported in literature.
Surface modification is the most efficient method to improve the bioactivity and osseointegration of the implant materials. So far, several surface modification methods have been employed to activate the Ti-Mo alloys, such as thermal oxidation [18] , plasma electrolytic oxidation [34, 35] , anodic oxidation [36, 37] and alkaliheat treatment [10, 11, 21, 38, 39] . Among these processes, the alkali-heat treatment proposed by Kokubo's team [40] is a cost-effective and efficient way to induce apatite layer formation on the Ti-based alloys substrate. However, the alkali-heat treatment is a relative tedious and time-consuming process. In general, it needs a highly concentrated NaOH/KOH solution (even higher than 10 mol L -1 ) to obtain the sodium titanate hydrogel layer (synthesis process) and a high heat-treatment temperature (up to 600°C) to crystallize the sodium titanate layer (crystallization process). On the other hand, hydrothermal treatment has been greatly developed as a simple and cost-effective technique to crystallize and form apatite coatings on the Ti alloys [41, 42] . It is well-known that the hydrothermal treatment simultaneously possesses high temperature and high pressure characteristics, and can simultaneously contain synthesis and crystallization processes. Therefore, we try to use the hydrothermal treatment to replace the alkali-heat treatment to form the apatite-inducing layer on the porous Ti-Mo alloys in lower concentration NaOH solution and lower treatment temperature.
In the present study, porous Ti-15Mo alloys with different porosities were prepared by microwave sintering. The effects of ammonium hydrogen carbonate contents on the porous structure, porosity, phase composition, compressive strength, elastic modulus and bending strength of the porous Ti-15Mo alloys were investigated. Subsequently the porous Ti-15Mo alloy was treated hydrothermally in NaOH solution at 190°C for 24 h to obtain the apatite-inducing layer. At the same time, the inner and outer surface morphologies and phase composition of the hydrothermally treated sample were investigated as well as the apatite-forming ability evaluated by the immersion test in SBF solution.
MATERIALS AND METHODS

Materials preparation and characterization
Commercially available metallic Ti powders (particle size <45 μm, purity >99.9%) and Mo powders (particle size <5 μm, purity >99.95%) were used to prepare porous Ti-15 wt.% Mo alloy in this experiment. The 100 mesh sieved analytical reagent ammonium hydrogen carbonate (NH 4 HCO 3 ) particles were mixed into the Ti-15Mo powders as the space-holder agent to adjust the porosities with the contents of 0, 5 wt.%, 15 wt.%, 25 wt.%, respectively. A schematic diagram of microwave sintering process for preparing porous Ti-15Mo alloy is shown in Fig. 1 . First, the mixed Ti-Mo-NH 4 HCO 3 powders were blended in a planetary ball mill (QM-3SP4, Nanjing University Instrument Plant) at speed of 200 r min -1 for 4 h. In order to avoid the elemental contamination from the balls and the decomposition of NH 4 HCO 3 caused by temperature rise, there are no balls added into the ball-milling tank. Then, the blended powders were cold-pressed into green compact samples with two sizes of Ф20 mm×15 mm and 6 mm×6 mm×50 mm (just for bending test) through a uniaxial pressure of 260 MPa for 60 s. Subsequently, the green compact samples were put into an alumina crucible filled with β-SiC particles served as microwave susceptors to obtain more uniform temperature distribution in the compact during the microwave sintering process [27, 30, 43] . Then the alumina crucible was put inside a mullite fiber cotton insulation barrel. Finally, the insula- tion barrel was put into a 2.45 GHz, 5 kW continuously adjustable microwave equipment (NJZ4-3, Nanjing Juequan co., Ltd.) to sinter. The green compact samples were sintered by microwave heating at a rate of 20-30°C min -1 to 1050°C for 20 min. During the sintering process, the microwave sintering chamber was filled with high purity argon gas flow (99.999%) and a Reytek infrared pyrometer was used to measure the temperature of the sintered samples.
The phase composition of the porous Ti-15Mo alloys was identified by X-ray diffraction (XRD, Bruker D8 FOCUS, Germany). The pore structure of the porous Ti15Mo alloys was investigated by an optical microscope (DM1500, Shenzhen HIPOWER, China) and a scanning electron microscope (SEM, FEI Quanta 200, America). The average pore sizes of the porous samples were analyzed by software of Nano Measurer 1.2 and the general porosity (P) was tested by Archimedes drainage method, calculated by the following formula:
where ρ and ρ 0 represent the density of the sintered porous Ti-15Mo alloy and the theoretical density of solid Ti-15Mo alloy, respectively; ρ/ρ 0 is the relative density. In this experiment, the theoretical density ρ 0 was 4.92 g cm -3 .
Mechanical properties test
Uniaxial compression tests were conducted on cylindrical porous Ti-15Mo samples with a gauge length of 10 mm and diameter of 5 mm (L/D=2.0, ASTM E9-09). The bending tests were carried out on the rectangular porous Ti-15Mo alloys with the size of 5 mm ×5 mm ×45 mm. Both of the compression tests and the bending tests were carried out at ambient temperature of 25°C with a crosshead velocity of 0.05 mm min -1 on Instron WDW-50 testing machine. The bending strength (σ f ) of the porous Ti-15Mo alloys could be calculated by the following formula:
where F is the maximum loading during testing procedure, L is the span between two supports and b and h represent the breadth and height of the samples, respectively. In this test, the span L was 30 mm. For the mechanical properties test, at least five parallel tests were conducted for each group, and the results were reported as average values ± standard deviation.
Bioactive surface modification
Before hydrothermal treatment, the porous Ti-15Mo alloy prepared with 15% NH 4 HCO 3 was successively polished with SiC sandpaper up to 2000 grit, and then ultrasonically cleaned in acetone and distilled water, respectively. The polished porous Ti-15Mo samples were perpendicularly mounted into the Teflon-lined stainless steel autoclaves of 50 mL capacity. The hydrothermal solution was composed of 3.75 mol L -1 NaOH aqueous solution and filled the Teflon container of 70% full. Finally, the autoclaves were sealed and put into drying oven to maintain 190°C for 24 h. When the hydrothermal treatment ended, the samples were taken out from the autoclaves and washed with distilled water and dried in air. To evaluate the apatite-forming ability in vitro, the hydrothermally treated porous Ti-15Mo alloy was immersed in simulated body fluid (SBF) solution at 37°C for 3, 7 and 14 d, respectively. The SBF solution was prepared by dissolving reagent grade NaCl, KCl, MgCl 2 ·6H 2 O, CaCl 2 , Na 2 SO 4 , NaHCO 3 , K 2 HPO 4 ·3H 2 O into distilled water. The final ionic concentrations of SBF solution (vs. human plasma) are listed in Table 1 [38] . The SBF solution was refreshed every 2 d to maintain the ionic concentration. The surface morphologies, elemental and 
RESULTS AND DISCUSSION
Microstructure and phase composition of porous Ti-15Mo alloys The optical micrographs of the porous Ti-15Mo alloys with different contents of NH 4 HCO 3 are shown in Fig. 2 . It can be seen that a large number of pores are uniformly distributed over the surface of the samples and the pore characteristics are strongly dependent on the content of NH 4 HCO 3 . The pores can be divided into two categories: fine pores (<50 μm) and large pores (>100 μm). Only fine pores with the average pore size of 40 μm can be observed on the porous Ti-15Mo alloy without adding NH 4 HCO 3 ( Fig. 2a) . On the other hand, the large quasi-circular pores are found on the surface of porous Ti-15Mo alloys after adding the NH 4 HCO 3 space-holders ( Fig. 2b-d) , and the amount of large pores greatly increases with increasing the content of NH 4 HCO 3 . Moreover, the pores of the porous Ti-Mo alloys prepared with 5% NH 4 HCO 3 were isolated and the connectivity among the pores is gradually enhanced with the increase of the NH 4 HCO 3 contents, which results in the increase of average pore size from 120 μm for 5% NH 4 HCO 3 sample to 220 μm for 25% NH 4 HCO 3 sample and the formation of the threedimensional interconnected pores. The formation of fine pores on porous Ti-15Mo alloy should be mainly attributed to the sintering necks and Kirkendall effect, which was also reported on the sintered porous NiTi alloy [44] . The diffusion rate of Mo atoms in Ti particles is much slower than that of the self-diffusivity of Ti [45] , which is susceptible to the unbalanced mass transfer and the formation of Kirkendall pores [25] . The formation mechanism of the large pore is a geometrical heredity effect of space-holder NH 4 HCO 3 particles [46] . During the sintering process, the NH 4 HCO 3 particles will decompose into the gases of NH 3 , CO 2 and H 2 O, which leave the green compacts and furnace together with the continuous argon gas flow. Finally, the pores remain and the geometry of the pores nearly inherits the shape of NH 4 HCO 3 particles. In order to further analyze the microstructure of the porous Ti-15Mo alloys, the representative cross-sectional SEM images of the porous Ti-15Mo alloys prepared with and without adding NH 4 HCO 3 are shown in Fig. 3 . It is clear that the pore size and pore structure of porous Ti15Mo alloy obtained from SEM are similar to the optical micrographs. However, it can be seen from Fig. 3a that the original metallic Mo powders are invisible and a large number of sintering necks are formed. The sintering necks are smooth and dense, which is beneficial to improve the mechanical properties of the sintered samples. On the other hand, a large number of fine pores are distributed over the pore wall of the large pores (Fig. 3b) , which can severely degenerate the mechanical properties of the porous Ti-15Mo alloy.
Microwave sintering of metallic materials is greatly dependent on the skin depth of materials, which is the penetration depth of the microwave into the materials and can be heated directly by microwave [32] . Most metals generally possess a skin depth of the micrometer order, thus it is possible to heat them directly using powders with a particle size of the skin depth order [29, 32] . Therefore, the use of near-spherical shaped Mo powders with the size of <5 μm and the use of irregular shaped Ti powders with at least one dimension of the particle matched with the skin depth of~10 μm, could ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   548 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . help to absorb microwave energy quickly and thus to generate heat within the compact [29] , which can greatly increase the heating efficiency and shorten the holding time. Moreover, the greatly enhanced diffusion of the atoms under the microwave field [31] [32] [33] could further accelerate the Mo diffusion into Ti and the formation of sintering necks, which might result in disappearance of original Mo powder within the shorter holding time (20 min) at lower temperature of 1050°C. Fig. 4 shows the effect of NH 4 HCO 3 contents on the porosity and density of the porous Ti-15Mo alloys. The porosities of the porous Ti-15Mo alloys linearly increase with increasing the content of NH 4 [47] . A large number of studies on the effects of porosity and pore size on the biological properties of the hard tissue implant materials have been reported [20, [48] [49] [50] . The porosities of the Ti-15Mo alloys are in the optimal range of 20%-50% for load-bearing bone implant materials [23] , which should be beneficial to the initiation of bone formation, providing enough space for bone tissue reconstruction and ingrowth [51] . Moreover, the pore sizes of the porous Ti-15Mo alloys with adding NH 4 HCO 3 ranging from 120 to 220 μm are beneficial to the new bone growth, since the optimal pore size is considered to be 100-400 μm [20, 52] . Therefore, the porosity and pore size of the porous Ti-15Mo alloys can be controlled within certain limits through adjusting the content of NH 4 HCO 3 , and the porous Ti-15Mo alloys fabricated by microwave sintering can meet the preliminary requirement for a porous implant and become a promising candidate as the bone implant.
The XRD patterns of the porous Ti-15Mo alloys with different contents of NH 4 HCO 3 are graphed in Fig. 5 . The porous Ti-15Mo alloys are mainly composed of bodycentered cubic (bcc) β-Ti and hexagonal close-packed (hcp) α-Ti phases, revealing that the porous Ti-15Mo alloys belong to the α+β two-phase titanium alloys. According to the intensity of diffraction peaks, the porous Ti-15Mo alloys are dominated by β phase with a little α phase, and the proportion of α and β phases has no significant change as the NH 4 HCO 3 content increases. No obvious diffraction peaks of elemental Mo can be detected in the porous Ti-15Mo alloys, indicating that the complete phase transformation occurred during the microwave sintering process, consistent with the results of Fig. 3 . The Mo element is diffused into the Ti lattice (α-Ti), resulting in the formation of β-Ti after sintering, since Mo is a β-stabilized element. In addition, the proportion of β phase increases with increasing the Mo contents [8, 25] . For the dense Ti-Mo alloys prepared by casting or smelting, the Ti-Mo alloys can obtain a fully stabilized β phase Ti alloy at room temperature after solution treatment under rapid cooling when the Mo content reaches higher than 10 wt.% [8] . However, the microwave sintered Ti-15Mo alloys are α+β two-phase titanium alloys after cooling with furnace (slow cooling), which is also consistent with the Ti-Mo binary phase diagram [10] . Similarly, the vacuum sintered porous Ti10Mo alloy also consisted of β-Ti and α-Ti [10] , and the proportion of β and α phases was much lower than that of SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . the microwave sintered Ti-15Mo alloys according to the relative intensity of the diffraction peaks. Fig. 6a shows the nominal compressive stress-strain curves of porous Ti-15Mo alloys prepared with different contents of NH 4 HCO 3 . In general, the compressive process can be divided into three regions [10, 28] : (i) a linear elastic deformation region, where the slope can be considered as the elastic modulus of the sample; (ii) a plastic yield deformation region, where a peak stress appears, considered as the compressive strength of the sample; (iii) a densification and rupture region, where walls of the pores will collapse and the rupture of samples occurs. As shown in Fig. 6a , when the NH 4 HCO 3 content is higher than 5%, the second stage nearly disappears and no obvious deformation of stress plateau can be detected, which indicates that the compression fracture mechanism changes from ductile fracture to brittle fracture.
Mechanical properties of the porous Ti-15Mo alloys
The compressive strength and elastic modulus of the porous Ti-15Mo alloys extracted from the stress-strain curves are shown in Fig. 6b . It can be seen that the compressive strength and elastic modulus of the porous Ti-15Mo alloys linearly decrease with increasing the NH 4 HCO 3 contents. The compressive strength decreases from 895±45 MPa for 0 NH 4 HCO 3 sample to 24±3 MPa for 25% NH 4 HCO 3 sample. The elastic modulus also decreases from 16.09±1.21 GPa for 0 NH 4 HCO 3 sample to 1.22±0.24 GPa for 25% NH 4 HCO 3 sample. According to Figs 2 and 3, both the porosities and pore sizes of the porous Ti-15Mo alloys increase with increasing the NH 4 HCO 3 contents. The number and thickness of pore walls decrease and the connectivity of the pore walls weakens, which leads to the decrease of the support force of the pore walls and the decrease of the compressive strength and elastic modulus. Moreover, the increase of porosities and pore sizes leads to the increase of the amount of irregular pores, which further raises the stress concentration in the porous samples and further decreases the compressive strength of the porous Ti-Mo alloy. As the load-bearing implant materials, the mechanical properties should be appropriate to match those of human bone tissue at the site of implantation [20] . In general, the compressive strength of human bone is 100-230 MPa for cortical bone and 2-12 MPa for cancellous bone [53] , and the elastic modulus is 3-20 GPa for cortical bone and 0.05-0.5 GPa for cancellous bone [53] . Compared to human bone, the compressive strength and elastic modulus of the porous Ti-15Mo alloys can completely satisfy the basic mechanical requirement of the bone implant materials through adjusting the spaceholder contents. ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   550 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The bending strength is another important mechanical property for the bone implant materials besides the compressive strength and elastic modulus. The bending strength of the porous Ti-15Mo alloys with different contents of NH 4 HCO 3 is shown in Fig. 6c , and it almost linearly decreases from 267.4±5.5 MPa for 0 NH 4 HCO 3 sample to 23.8±1.2 MPa for 25% NH 4 HCO 3 sample with increasing the NH 4 HCO 3 content, overlapping with the range of bending strength of natural cortical bone (50-150 MPa) [53] . Therefore, only considering the compressive strength, elastic modulus and bending strength, the porous Ti-15Mo alloy fabricated by microwave sintering could be a promising candidate for the hard tissue repair and replacement implant.
Due to the appropriate mechanical properties and pore structure, the porous Ti-15Mo alloy with 15% NH 4 HCO 3 was chosen to carry out the surface bioactive treatment and evaluate the in vitro apatite-forming ability. Fig. 7 shows the surface morphologies and EDS analysis of the untreated and the hydrothermally treated porous Ti15Mo alloy. From Fig. 7a , a large number of quasi-circular alloy particles inside and on the walls of the large pores can be observed after sintering, connected by the sintering necks, the same with Fig. 3b . After hydrothermal treatment, a film is formed on the outer surface and some fluffy sphere-like substances are generated on the inner surface, which should be transformed from the alloy particles (Fig. 7b) . As shown in Fig. 7c , the film on the outer surface of the porous Ti-15Mo alloy exhibits three-dimensional needle and flake-like clusters. The inner surface of the porous Ti-15Mo alloy is also composed of needle and flake-like clusters with smaller size compared to the outer surface, as shown in Fig. 7d . According to the EDS analysis, both of the outer and inner surfaces of the porous Ti-15Mo alloy are composed of Na, Ti, O, and Mo elements (Fig. 7e, f) , in which the Mo should be from the substrate. The contents of the elements on the outer surface and in the inner surface have no significant difference, indicating they form the same substances after hydrothermal treatment, only exhibiting the different needle and flake sizes. This difference should be derived from the microstructural characteristics of the porous Ti15Mo alloy substrate, namely, smooth outer surface and alloy granular inner surface. Fig. 8 shows the XRD pattern of the hydrothermally treated porous Ti-15Mo alloy. Besides the diffraction peaks of α-Ti and β-Ti coming from the porous Ti-15Mo alloy substrate, the diffraction peaks of a new phase Na 2 Ti 6 O 13 can be detected from the XRD pattern, indicating that the hydrothermally treated layer on the porous Ti15Mo alloy is mainly composed of Na 2 Ti 6 O 13 crystal phase. This result is highly consistent with the EDS and the needle and flake-like clusters should be dominated by Na 2 Ti 6 O 13 crystal phase. Hsu et al. [21] reported that the layer on the porous Ti-7.5Mo treated by alkali-heat treatment also consisted of Na 2 Ti 6 O 13 crystal phase. However, the diffraction peaks intensity and crystallinity of the Na 2 Ti 6 O 13 obtained in the hydrothermally treated sample is much higher than that of the alkali-heat treated sample. This should be attributed to the hydrothermal treatment possessing high temperature and high pressure conditions which are beneficial to the crystallization of the Na 2 Ti 6 O 13 phase.
During the hydrothermal treatment process, Ti reacts with the alkaline solution and forms HTiO 3 -·nH 2 O, followed by reacting with Na + in the aqueous solution to generate a sodium titanate hydrogel (NaTiO 3 ·nH 2 O) layer. The detailed chemical reaction equations are as follows [11, 39] :
Ti + 3OH Ti(OH) + 4e , 
At last, the hydrogel layer is dehydrated under high temperature and a stable sodium titanate layer is formed in the crystal phases of Na 2 Ti 6 O 13 [21] , Na 2 TiO 11 [38] or Na 2 Ti 3 O 7 [54] , etc.
In order to evaluate the in vitro apatite-forming ability, the hydrothermally treated porous Ti-15Mo alloy was immersed in the SBF solution at 37°C for different times. Fig. 9 shows the surface morphologies of the hydrothermally treated porous Ti-15Mo alloy after immersed in the SBF solution for 3, 7 and 14 d, respectively, using the untreated porous Ti-15Mo alloy immersed in SBF solution for 14 d as the control. Some precipitates can be found at the tip of the clusters on the outer (Fig. 9a-1 ) and inner surface ( Fig. 9a-2 ) of the porous Ti-15Mo after immersed in SBF for 3 d. With increasing the immersion time to 7 d, the precipitates greatly increase and the needle and flake-like surface morphologies of the hydrothermally treated sample nearly disappear. After further increasing the immersion time to 14 d, the entire surface of the sample is fully covered with the sphere-like precipitates, especially the inner surface ( Fig. 9c-2) . However, no precipitates are observed on the outer or inner surface of the untreated porous Ti-15Mo alloy after immersed in SBF solution for 14 d, as shown in Fig. 9d .
The XRD and EDS patterns of the hydrothermally treated porous Ti-15Mo sample immersed in SBF for 14 d are shown in Fig. 10 . Compared with the XRD pattern of ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   552 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . the hydrothermally treated sample, two broad diffraction peaks at the 2θ=25.88°and 2θ=31°-33°can be detected from the SBF immersed sample, which are corresponding to the diffraction peaks of Ca 10 (PO4) 6 (OH) 2 (apatite) phase. This result indicates that the precipitates on the hydrothermally treated sample are mainly composed of apatite phase. The EDS pattern indicates that the precipitates consists of Ca, P, O, Ti, and Na elements with the atomic contents of 12.93%, 7.32%, 71.56%, 6.33% and 1.86%, respectively, in which the Ti and Na elements should be derived from the hydrothermally treated substrate. The Ca/P ratio is 1.60, slightly lower than that of stoichiometric Ca/P ratio (1.67) of apatite, which means that the induced apatite in this experiment is a Ca-deficient HA, in agreement with previous studies [30, 55] .
According to the results of SEM, XRD and EDS, it can be concluded that the hydrothermally treated porous Ti15Mo alloy possesses high apatite-forming ability in vitro, the apatite begins to deposit after immersed in SBF for 3 d and fully covers the inner and outer surface of the porous Ti-15Mo alloy as the immersion time increased to 14 d. On the other hand, the untreated porous Ti-15Mo alloy has no apatite-forming ability and it cannot induce the apatite deposition on the sample even immersed in the SBF solution for 14 d. This result is well consistent with the previous reports [21, 38] , in which the porous Ti-7.5Mo alloy or as-cast Ti-7.5Mo alloy did not induce apatite deposition even after immersed in SBF for 28 d. The apatite-forming mechanism of the hydrothermally treated porous Ti-15Mo alloy is similar with the other NaOH treated Ti alloys [10, 11, 21, 38, 39] . The sodium titanate (Na 2 Ti 6 O 13 ) layers are formed on the inner and outer surface of the porous Ti-15Mo alloy after hydrothermal treatment. When the hydrothermally treated sample is immersed in the SBF solution, the Na + ions from the sodium titanate layers would immediately be exchanged by the H 3 O + ions from the SBF solution, which leads to the formation of negatively charged Ti-OH groups and HTiO 3 -on the surface of the sample [11, 21, 55] . The negative charges of Ti-OH and HTiO 3 -on the sample surface can catch the Ca 2+ through the Coulomb force and draw the HPO 4 2-by hydrogen bond. The Ca 2+ and the HPO 4 2-can continually accumulate around the sample surface. Subsequently the concentrations of the Ca 2+ and HPO 4 2-gradually increase and reach the local supersaturation, resulting in the apatite nucleation on the surface of the sample. Once the apatite nuclei are formed, they will spontaneously grow up though consuming the Ca 2+ and HPO 4 2-ions from SBF solution and the apatite is largely deposited on the surface of sample finally [11, 21, 55] . Moreover, the inner surface of the hydrothermally treated porous Ti-15Mo alloy exhibits the better apatite-forming ability. The reason should be that the inner surface is a relative confined space and the local concentrations of the Ca and P ions inside the pores are relatively high, which is beneficial to the apatite nucleation and growth. Furthermore, the size of the needle and flake clusters on the inner surface is much smaller than that on the outer surface, thereby providing more sites to heterogeneous nucleation of the apatite.
It is well-known that the biological performance of a biomaterial obtained in the SBF method can thus be used to predict its bioactivity in vivo for the case of the hard tissue repair [11, 30, 56] . The hydrothermally treated porous Ti-15Mo alloy possesses high apatite-forming ability in SBF solution, indicating that it should possess excellent bioactivity in vivo. Therefore, the hydrothermal treatment is a promising candidate for the bioactive surface modification of the porous Ti-15Mo alloys.
CONCLUSIONS
Biomedical porous Ti-15Mo alloys were successfully prepared by microwave sintering. The pore structure of the porous Ti-15Mo alloys was greatly dependent on the NH 4 HCO 3 content. With increasing the contents of NH 4 HCO 3 , the porosities of porous Ti-15Mo alloys increased from 16.5% to 50.2% and the corresponding average pore size increased from 40 to 220 μm. The porous Ti-15Mo alloys were mainly composed of β-Ti phase with a little α-Ti phase, and the proportion of α and β phase has no significant change with increasing the NH 4 HCO 3 content. The compressive strength, elastic modulus and bending strength of the porous Ti-15Mo alloys all decreased with increasing the content of NH 4 HCO 3 , but they could satisfy the basic mechanical requirement of the bone implant materials. After hydrothermal treatment, the needle and flake-like Na 2 Ti 6 O 13 layers were formed on the outer and inner surface of the porous Ti-15Mo alloy, and the hydrothermally treated porous Ti-15Mo alloy could induce the formation of the Ca-deficient apatite after immersed in SBF solution. Overall, all these results demonstrate that the hydrothermally treated porous Ti-15Mo alloy could be a promising candidate for hard tissue repair and bone implant.
